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ABSTRACT
In most astrophysical situations, the radioactive decay of 56Ni to 56Co occurs via electron capture
with a fixed half-life of 6.1 days. However, this decay rate is significantly slowed when the nuclei
are fully ionized because K-shell electrons are unavailable for capture. In this paper, we explore
the effect of these delayed decays on white dwarfs (WDs) that may survive Type Ia and Type Iax
supernovae (SNe Ia and SNe Iax). The energy released by the delayed radioactive decays of 56Ni
and 56Co drives a persistent wind from the surviving WD’s surface that contributes to the late-time
appearance of these SNe after emission from the bulk of the SN ejecta has faded. We use the stellar
evolution code MESA to calculate the hydrodynamical evolution and resulting light curves of these
winds. Our post-SN Ia models conflict with late-time observations of SN 2011fe, but uncertainties
in our initial conditions prevent us from ruling out the existence of surviving WD donors. Much
better agreement with observations is achieved with our post-SN Iax bound remnant models, providing
evidence that these explosions are due to deflagrations in accreting WDs that fail to completely unbind
the WDs. Future radiative transfer calculations and wind models utilizing explosion simulations for
more accurate initial conditions will extend our study of radioactively-powered winds from post-SN
surviving WDs and enable their use as powerful discriminants among the various SN Ia and SN Iax
progenitor scenarios.
Keywords: binaries: close— nuclear reactions, nucleosynthesis, abundances— supernovae: general—
white dwarfs
1. INTRODUCTION
The radioactive decay chain of 56Ni → 56Co → 56Fe
contributes to the energetics of most types of supernovae
and dominates the luminosity output of Type Ia, Type
Iax, and Type Ib/c supernovae (SNe Ia, Iax, and Ib/c).
56Ni is produced in copious amounts in explosive burn-
ing that reaches nuclear statistical equilibrium because
it has one of the highest binding energies per mass of any
nucleus. While 56Ni is synthesized in extremely hot en-
vironments as a fully-ionized nucleus, the 56Ni-rich ma-
terial in most astrophysical situations rapidly expands
and cools, and thus 56Ni does not remain fully ionized
for long. As a result, the radioactive decay of 56Ni oc-
curs in the well-known way with a half-life of 6.1 days
due to K-shell electron captures.
However, because the decay of 56Ni proceeds essen-
tially 100% via electron captures, if it remains fully
ionized, its decay rate can be suppressed significantly.
In this paper, we explore the effects of this delayed ra-
dioactive decay in 56Ni-rich material that may surround
white dwarfs (WDs) that survive SN Ia and SN Iax
explosions. The energy released by the decay of 56Ni
through 56Co to 56Fe launches an optically-thick, super-
Eddington wind from the WD’s surface with a prolonged
evolution due to the suppressed decays. These winds will
contribute significantly to the light curves and spectra of
SNe Ia and SNe Iax hundreds of days after the explosion
when most of the radioactive material has disappeared
from the bulk of the SN ejecta.
In §2, we detail the evolutionary scenarios that result
in WDs that survive SNe and derive fiducial parame-
ters that motivate our hydrodynamical simulations. The
physics of delayed 56Ni and 56Co decays and our im-
plementation of them in MESA are explained in §3. We
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describe our hydrodynamical simulations in §4 and com-
pare our results to late-time observations of SNe Ia and
SNe Iax in §5. We conclude in §6 and outline future
research directions that will build on this work and help
to identify the progenitors responsible for SNe Ia and
SNe Iax.
2. MOTIVATION FOR POST-SN WIND MODELS
In this section, we describe the evolutionary scenarios
in which WDs can survive SNe and capture 56Ni-rich SN
ejecta. The estimates in this section motivate the initial
conditions used in our fiducial models in §5.
2.1. Type Ia Supernovae and Surviving WD Donors
The identity of the progenitors of Type Ia supernovae
(SNe Ia) remains an unsolved mystery (Maoz et al. 2014
and references therein). One of the most promising
scenarios at present invokes helium-rich accretion from
a helium WD or low-mass C/O WD. If mass transfer
is dynamically stable, the resulting convective burning
episodes may eventually yield a helium shell detonation
(Bildsten et al. 2007; Shen & Bildsten 2009) and a sub-
sequent core explosion in a variant of the double detona-
tion scenario (Woosley et al. 1980; Fink et al. 2007; Shen
& Bildsten 2014). For systems that merge unstably,
which may in fact constitute most double WD binaries
(Shen 2015), dynamical instabilities caused by the inter-
action of the direct impact accretion stream with freshly
accreted material may trigger a helium detonation dur-
ing the merger (Guillochon et al. 2010; Dan et al. 2012;
Raskin et al. 2012; Pakmor et al. 2013), also yielding a
double detonation SN Ia.
In both of these cases, the WD donor may survive
the explosion of the accretor. In the dynamically sta-
ble mass transfer case, the donor is only mildly tidally
distorted as it overflows its Roche lobe and will remain
self-bound following the SN Ia. For dynamically unsta-
ble double WD mergers, the ease with which helium pol-
luted with CNO nuclei can be detonated (Shen & Moore
2014) allows for the possibility that a helium detonation
is triggered soon after unstable mass transfer begins in
helium-rich double WD binaries. If this is the case, the
primary WD may explode and produce a SN Ia before
the donor is tidally disrupted.1
The companion WD may survive the SN Ia explosion,
but it will not emerge unchanged. The focus of this work
is the 56Ni that is synthesized by the primary WD’s
1 Papish et al. (2015) find that helium WD companions can be
detonated and destroyed by the impacting SN Ia ejecta. However,
this is only the case when the companion WD is placed artificially
closer than its separation at Roche lobe overflow. The companion
WD survives if at the appropriate distance from the center of the
explosion.
explosion at velocities low enough such that the 56Ni
is gravitationally bound to and captured by the WD
companion. We estimate the bound 56Ni mass using
Dwarkadas & Chevalier (1998)’s approximation to the
homologously expanding SN Ia ejecta density profile,
ρ(v, t) =
Mej
8piv3ejt
3
exp (−v/vej) , (1)
where Mej is the ejecta mass, t is the time from ex-
plosion, Ekin is the ejecta’s total kinetic energy, v
2
ej =
Ekin/6Mej, and v is the magnitude of the velocity in the
SN’s center of mass frame. Ignoring the work that is
done on the ejecta by the shocked material interacting
with the companion, the mass bound to the companion
is
Mbound =
∫
ρ(~v, t)dV (2)
such that (~v − ~v2)2 < 2GM2/d, where v2 =√
G(M1 +M2)/a is the magnitude of the companion’s
velocity in the SN ejecta’s rest frame, a is the binary
separation at the time of explosion, d is the distance
from the material to the companion’s surface, and M2
is the companion’s mass. Using the explosion values
from Sim et al. (2010) for a Mej = 0.97M pure deto-
nation explosion with 1.04 × 1051 erg of kinetic energy,
a mass-radius relation for 107 K WDs from MESA (Pax-
ton et al. 2011, 2013, 2015), and Paczyn´ski (1971)’s fit
to the Roche radius, and evaluating at t = 1 s, we find
bound 56Ni masses of 0.006, 0.03, and 0.08M for 0.3,
0.6, and 0.9M WD companions, respectively.
We note that these are upper limits to the actual
bound masses, because we have neglected the work that
is done on the ejecta by previously shocked material
surrounding the companion. Furthermore, the surface
structure of the surviving companion WD will be af-
fected by the passage of the shock and by the Roche lobe
overflow that takes place prior to the SN Ia explosion,
particularly for merger-induced detonations. These ef-
fects will influence the amount of 56Ni that is captured
by the surviving WD donor, as well as contributing to
the light curve when the thermalized shock energy is
radiated outwards. We parametrize these uncertainties
in §5 by varying the bound envelope masses, but we
emphasize that future work with more realistic initial
conditions is necessary for more accurate results.
2.2. Type Iax Supernovae and Surviving WD Accretors
Type Iax supernovae (SNe Iax) are a recently desig-
nated class of peculiar SNe with characteristics akin to
the prototype SNe 2002cx (Li et al. 2003) and 2005hk
(Phillips et al. 2007). While some debate remains
(Valenti et al. 2009; Moriya et al. 2010), the current
observational evidence suggests that they are thermonu-
clear explosions of WDs with non-degenerate donor stars
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(Foley et al. 2013 and references therein). In one case,
SN 2012Z, the progenitor system was detected and is
consistent with a helium-burning star donor (McCully
et al. 2014a).
The prevailing SN Iax progenitor scenario (e.g., Fo-
ley et al. 2013) is very similar to the formerly standard
SN Ia progenitor scenario (e.g., Nomoto et al. 1984): a
WD accretes matter from a non-degenerate donor, grows
towards the Chandrasekhar mass, and ignites nuclear
burning in its core due to the increasing density. The
energy release from carbon-burning leads to a ∼ 1000 yr
convective simmering phase (Woosley et al. 2004; Piro &
Chang 2008) that ends when turbulent fluctuations give
rise to hotspots that heat faster than convective eddies
can dissipate their excess entropy, resulting in the birth
of a deflagration. The important difference between a
SN Ia and a SN Iax outcome is whether or not this defla-
gration transitions to a detonation. Without this tran-
sition, the buoyant deflagration plume rises and breaks
out of the star, burning the WD incompletely and not
releasing enough energy to unbind the entire WD. The
ejecta mass and the ejected 56Ni mass are thus smaller
than for a regular SN Ia, leading to fainter and more
rapidly-evolving light curves.
A very important consequence of this model is the
surviving WD remnant and the deflagration ashes that
remain bound to this remnant. Simulations show that
much of the deflagration ash is ejected (Jordan et al.
2012; Kromer et al. 2013; Fink et al. 2014; Long et al.
2014). However, a significant fraction of the WD re-
mains unburned and gravitationally bound following the
ejection of the burned material, and this surviving WD
has a large enough potential well to retain 0.03−0.2M
of burned material as a gravitationally bound envelope.
Radioactive decays in this burned material will drive
a wind that neatly explains the persistent photosphere,
low velocities, and lack of nebular emission that are some
of the hallmarks of SNe Iax (Jha et al. 2006; Foley et al.
2013). As in the case of the surviving SN Ia WD donors
discussed in §2.1, the dense, hot 56Ni-rich matter at the
surface of the bound SN Iax WD accretor remnant will
be fully ionized, leading to delayed radioactive decays
and a prolonged WD wind.
We use the results from Fink et al. (2014) to motivate
our SN Iax WD wind models. They performed a large
suite of simulations with a varying number of deflagra-
tion ignition kernels. Their best fits to the prototype SN
2005hk were for models with 5− 20 ignition kernels, re-
sulting in unburned masses of 0.91−0.49M and bound,
burned masses of 0.12−0.06M containing 56Ni masses
of 0.02− 0.004M. These numbers are in rough agree-
ment with the other simulations in the literature (Jordan
et al. 2012; Kromer et al. 2013; Long et al. 2014). We
bracket the uncertainties by considering two models with
core + envelope masses of 0.9 + 0.1 and 0.5 + 0.05M
and 56Ni-mass fractions within the envelopes of 0.2 and
0.1, respectively. The non-56Ni material in the envelope
is assumed to be 56Fe, because it is radioactively inert.
One complication is the possibility that, following
the ejection of material, the bound WD remnant con-
tinues to convectively burn carbon in its core, which
would eventually lift the degeneracy of the core and sig-
nificantly impact the subsequent evolution. However,
the ejection of a large amount of material may yield
enough adiabatic expansion to quench further convec-
tive core burning. We test this by constructing a near-
Chandrasekhar mass 1.35M C/O WD in MESA and
heating the center until carbon-burning causes convec-
tion. We find that a localized burning region begins
to run away in the center when the convective region’s
entropy is 8 × 107 erg g−1 K−1. We then construct less
massive C/O stars with the same entropy, approximat-
ing the SN Iax WD remnants after the ejection of the
burned material, and follow their evolution to ascertain
whether or not they continue to burn convectively. We
find that even for a remnant mass of 1.2M, which is
larger than we consider in this paper, the removal of the
inner 0.15M from the simmering near-Chandrasekhar
mass WD decreases the gravitational potential suffi-
ciently that the remnant’s center cools without reignit-
ing convective carbon-burning. We are thus justified in
assuming that the bound SN Iax remnants we consider
are simply degenerate WD cores with hot 56Ni-rich en-
velopes.
3. DECAY RATES
We now turn to an analysis of fully-ionized 56Ni and
56Co decays and our implementation of the resulting
decay rates in MESA. Electron capture is the primary
decay channel for both 56Ni and 56Co under labora-
tory conditions (e.g., Nadyozhin 1994). For 56Ni and
56Co with bound electrons, the electron density at the
nucleus is dominated by the K-shell electrons. It is
the capture of these electrons that sets their familiar
6.1 day (56Ni) and 77 day (56Co) half-lives. Decay of
fully-ionized 56Ni or 56Co in an environment effectively
free of electrons can still proceed by positron emission,
but this channel is & 106 (56Ni) or ≈ 5 (56Co) times
slower than electron capture (Sur et al. 1990; da Cruz
et al. 1992). Such an extreme limit is not relevant for
dense stellar interiors, where 56Ni and 56Co nuclei can
still capture an electron from the continuum. However,
for densities . 105 g cm−3, the continuum electron den-
sity is lower than the effective density of the K-shell
electrons. Therefore, the decays of fully-ionized atoms
are less rapid than those with bound electrons. The de-
layed decays of 56Ni and 56Co have been previously dis-
cussed in the context of cosmic rays (Lund Fisker et al.
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1999) and high-velocity ejecta from gamma-ray bursts
(McLaughlin & Wijers 2002), and the analogous delay
for 44Ti decays in young SN remnants was studied by
Mochizuki et al. (1999).
The hot 56Ni retained by post-SN surviving WDs is
at thermodynamic conditions where such considerations
are important. The existing treatment of these rates
in MESA is correct in both the hot, high density limit
(where atoms are assumed to be fully ionized and the
tabulated rates of Langanke & Mart´ınez-Pinedo 2000 are
used) and the cool, low density limit (where the atoms
are assumed to have at least their inner electrons and
the “lab” rates compiled in Nadyozhin 1994 are used).
However, much of the material of interest in the surface
layers of the surviving WDs is in the regime between
these two limits.
Figure 1 summarizes the regimes in density-
temperature space. The dashed line shows an approx-
imate boundary for the half-ionization state of the K-
shell electrons. Below this line, the decay rate will be
roughly the lab rate. Above this line, the rate will de-
crease as the fraction of fully-ionized atoms increases.
3.1. Ionization State
In order to determine the ionization state of the ma-
terial, we solve the two Saha equations for the occu-
pation fractions of the fully-ionized (f0), hydrogen-like
(f1), and helium-like states (f2).
2 We do not need to
track lower-ionization states since the electron density
at the nucleus is primarily determined by the K-shell.
Therefore we have
f0
f1
=
geg0
g1
(
nQ
ne
)
exp
(
− χ1
kBT
)
(3)
f1
f2
=
geg1
g2
(
nQ
ne
)
exp
(
− χ2
kBT
)
(4)
along with the constraint f0 + f1 + f2 = 1. The degen-
eracies are ge = g1 = 2, g0 = g2 = 1, and the quantum
concentration is nQ =
(
mekBT/2pi~2
)3/2
. The values χ1
and χ2 are the ionization energies of these states, which
are drawn from Kramida et al. (2015) and are listed in
Table 1.
2 Note that we label our occupation fractions by the number of
bound electrons, as opposed to the ion charge (e.g., 0 represents
fully-ionized and not neutral).
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Figure 1. Regimes in density-temperature space for 56Ni
and 56Co decays. The shaded region in the upper left indi-
cates where the electron density becomes dominated by elec-
trons from pair production; the shaded region in the lower
right shows where the electrons become degenerate. The
black circles mark the points in the rate tabulations of Lan-
ganke & Mart´ınez-Pinedo (2000) that are used in MESA. The
dotted lines delineate the region of the table that MESA uses
by default for reactions on isotopes with Z ≥ 26; this re-
striction represents a rough approximation of where these
elements are fully ionized. The dashed line shows the loca-
tion of half-ionization for theK-shell electrons (eq. 5). Above
this line, where the 56Ni or 56Co is ionized, the average elec-
tron density at the nucleus will be lower and hence the decay
rate can be significantly slower than the “lab” rate.
Table 1. Information about 56Ni and 56Co
Reaction “Lab” lifetime Qν χ1 χ2
(s) (MeV) (keV) (keV)
56Ni → 56Co 1.32× 10−6 0.41 10.775 10.289
56Co → 56Fe 1.04× 10−7 0.84 10.012 9.544
Note—The values of the “lab” rate and Qν (the average en-
ergy of the emitted neutrino) are from Nadyozhin (1994).
The values χ1 and χ2 are the ionization energies of the
hydrogen-like and helium-like states, respectively, and are
drawn from Kramida et al. (2015).
Furthermore, we make the assumption that the elec-
tron density is independent of the f values. If the 56Ni
is a trace isotope, this is essentially exact. In the op-
posite limit of pure 56Ni, this is justified since we are
considering only the highest ionization states: if all 56Ni
goes from fully ionized to having two bound electrons,
the electron density changes by a fraction ≈ 2/Z which
is only ≈ 7%. We use the electron density reported
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Figure 2. Rate of 56Ni decay (top plot) and 56Co decay
(bottom plot) used in this work. The rate is shown relative
to the “lab” rate. The gray shaded regions are the same
as in Figure 1. Dashed contours are shown at the values
of the tick marks in the colorbars. Note the much smaller
dynamic range in the case of 56Co compared to 56Ni. The
solid white line shows the density-temperature profile of the
main fiducial post-SN Ia model 500 d after the explosion, as
discussed in § 5; the black dot on this profile indicates the
conditions at the location of the maximum nuclear energy
generation rate.
by MESA, which is for a fully-ionized composition, i.e.,
ne = ρYe/mp. With these occupation fractions, the av-
erage number of bound electrons is equal to 1 when
ne = 2nQ exp
(
−χ1 + χ2
2kBT
)
. (5)
This is the dashed line shown in Figure 1, where the χ
values used are those of 56Ni.
3.2. Extension of weaklib Tables
As shown in Figure 1, the tabulated weaklib rates
do not extend to densities lower than ρYe = 10 g cm
3.
Therefore, in order to construct smooth decay rates for
the fully-ionized atoms, we make the following simple
extensions of these tables.
In the case of 56Ni, since the positron decay rate is so
slow, we only need to consider electron capture from the
continuum. The electron-capture rate corresponding to
a single transition can be written as
λec ∝
∫ ∞
1
2(+ q)2
1 + z−1 exp (θ)
G(Z, )d (6)
with the usual thermodynamic definitions β = (kBT )
−1,
θ = βmec
2, and z = exp(βµe), where T is the temper-
ature and µe is the electron chemical potential (Bahcall
1964). We have also defined a dimensionless energy dif-
ference q = Q/(mec
2) and a dimensionless energy for
the electron,  = E/(mec
2). In the non-relativistic limit,
G(Z, ) ≈ 2piαZ (equation 5c in Fuller et al. 1980) where
α is the fine structure constant. In the non-degenerate
limit, we can replace the Fermi-Dirac distribution with
a Boltzmann distribution where z = (ne/nQ) exp(θ).
Thus, to leading order in θ,
λec ∝ 1
θ
ne
nQ
∝ ρT−1/2. (7)
Therefore, when we are off the table, we use the rate
λoff,Ni(ρYe, T ) =
(
ρYe
10 g cm−3
)(
T
107 K
)−1/2
λref,Ni
(8)
where λref,Ni is the weaklib rate at ρYe = 10 g cm
−3
and T = 107 K.
In the case of 56Co, at densities below those included
in weaklib tables, the dominant decay for fully-ionized
material is positron emission. The positron-emission
rate corresponding to a single transition can be written
as
λpe ∝
∫ q
1
2(− q)2G(−Z, )d (9)
with the symbols having the same definitions as in equa-
tion (6). We have assumed that positron phase space
is empty. In the non-relativistic limit, G(−Z, ) ≈
2piαZ exp(−2piαZ/√2 − 1) (equation 5d in Fuller
et al. 1980). Therefore equation (9) is simply a con-
stant, and thus the rate has no density or temperature
dependence. This is only true for a single transition. A
significant temperature dependence can still exist, and
does in this case, due to the thermal occupation of the
first nuclear excited state at E = 0.158 MeV, allowing
additional positron-decay transitions to become impor-
tant. However, this does not introduce a density depen-
dence. Therefore, when we are off the table, we use the
rate
λoff,Co(ρYe, T ) = λref,Co(T ) (10)
where λref,Co(T ) is the weaklib rate at ρYe = 10 g cm
−3.
3.3. Rates Used in MESA
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We use the ionization fractions (§3.1), “lab” rates (Ta-
ble 1), and the extended weaklib rates tables (§3.2) to
construct rates that are applicable over the regime of
interest. We assume that atoms with two (or more)
bound electrons decay at the “lab” rate and that atoms
with exactly one bound electron decay at one-half of the
lab rate. Atoms that are fully ionized decay at the rate
given by the extended weaklib tables. Therefore, the
total decay rate is
λtotal = (f2 + 0.5f1)λlab + f0λweaklib . (11)
The rates that we use in our MESA calculations are shown
in Figure 2.
4. SIMULATION SETUP
With the initial conditions from §2 and the modifica-
tions to the radioactive decays from §3 in hand, we are
now ready to describe our post-SN WD wind calcula-
tions. These hydrodynamic calculations are performed
with the stellar evolution code MESA3 (Paxton et al. 2011,
2013, 2015). We describe some important modifications
to the default options here; an example inlist with the
complete set of changed parameters can be found in the
Appendix.
Our initial models consist of degenerate cores with
equal mass fractions of 12C and 16O with hot, constant-
entropy 56Ni-rich layers on top. Our fiducial models
have envelope entropies twice that for which the enve-
lope’s total internal energy is equal to half the envelope’s
gravitational binding energy. This very roughly approx-
imates the configuration of a loosely-bound 56Ni-rich en-
velope that would be captured by a surviving WD donor
from a SN Ia or would fall back onto the WD accretor
after a SN Iax. We compare the effects of varying the
entropy in §5, but we acknowledge that utilizing realis-
tic entropy profiles is an important next step for future
work.
The degenerate cores are cooled to a constant tem-
perature of 3 × 107 K. For models with very low-mass
envelopes or cores, the core’s outer layers will not be
degenerate at this temperature. In these cases, the
outer edge of the core is set to a constant entropy of
2× 108 erg g−1 K−1.
Once our initial models are constructed, we turn on
MESA’s hydrodynamic capabilities. We also make use of
recently implemented outer boundary conditions that
were developed for modeling super-Eddington stellar
winds (Quataert et al. 2016). These allow us to set
the optical depth at the outer boundary to be τ =
10−4 × 2/3, so that we can follow the wind out to arbi-
3 http://mesa.sourceforge.net, version 8118; default options
used unless otherwise noted.
trarily large distances.
We use a simple nuclear network that adds 28Si, 56Fe,
56Co, and 56Ni and their interlinking reactions to the de-
fault basic.net. Our modifications to the decay rates
of 56Co and 56Ni are described in §3. The energy re-
leased by radioactive decays above the τ = 2/3 pho-
tosphere should not contribute to the luminosity struc-
ture of this optically-thin region. We thus neglect the
nuclear energy released in optically-thin regions during
the simulations, although we do add the power from the
thermalization of positron kinetic energy to the total
luminosity in the figures in §5.
We treat the opacity in a simplified manner by set-
ting it to a constant value of κ = 0.2 cm2 g−1 in ma-
terial with an iron group mass fraction X56 > 0.1 and
a density ρ < 1 g cm−3, because MESA opacity tables do
not extend to our iron-group-dominated compositions of
interest. More practically, this avoids issues with very
sharp opacity gradients in the MESA-provided tables in
some regions of very low density and temperature. We
perform comparison simulations with κ = 2.0 cm2 g−1,
which we show in §5. At the end of some simulations,
when the WD evolves to the cooling track after sev-
eral years or decades, our simplified treatment causes an
abrupt change in opacity at ρ = 1 g cm−3 that also leads
to timestep problems. In these situations, we remove the
constant opacity constraint and use the MESA tables. We
leave a proper treatment of iron-group-dominated opac-
ity, including line-broadening effects in the accelerated
wind, to future work.
We constrain convective velocities to be less than the
local sound speed and limit the acceleration of these
velocities to the local gravitational acceleration. Fur-
thermore, we fully switch off convection in the first part
of the simulation until a wind has become established or
until three days have elapsed if a wind does not occur
before then. This avoids the excessively small timesteps
that may occur due to convection-induced shocks during
the establishment of the wind.
Once the luminosity generated within the envelope
drops below the Eddington limit, the wind ceases, and
material near the acceleration region begins to fall back
onto the WD. The spatial resolution decreases signifi-
cantly in this region, causing the timestep to become
very short. Since the wind-launching phase of the evolu-
tion is completed by this point, we remove the unbound
mass above the photosphere rapidly, within several hun-
dred timesteps. The outer ∼ 10−7M of the remaining
star is perturbed by this procedure, but the thermal
time through this layer is ∼ 2 d, much shorter than the
timescales of interest, so we are justified in performing
this manipulation of the stellar model.
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Figure 3. Profiles as a function of radius at 500 d for our
main fiducial post-SN Ia model of a 0.6M core and a
0.03M 56Ni envelope. The top panel shows the velocity
(black) and isothermal sound speed (red), with bullets de-
marcating enclosed masses separated by 10−4M. The sec-
ond panel shows the ratio of the luminosity to the Eddington
luminosity, LEdd = 4piGmc/κ (solid); the dashed line shows
a ratio of one. The third panel shows the mass fractions of
56Ni (green), 56Co (red), and 56Fe (black), and the nuclear
energy generation rate, , normalized to the maximum value
max. The mass outflow rate, M˙ , is shown in the fourth
panel. The dotted line marks the location of the τ = 2/3
photosphere in all the panels.
5. RESULTS AND COMPARISONS TO
OBSERVATIONS
In this section, we show the results of a suite of WD
wind simulations, encompassing both surviving SN Ia
WD donors and SN Iax bound WD accretor remnants.
5.1. Post-SN Ia Winds
Figure 3 shows profiles at 500 d of our main fiducial
SN Ia surviving companion model, a 0.6M WD that
has captured a 0.03M envelope that is initially pure
56Ni. The radii of various enclosed masses, separated
by 10−4M, are shown as bullets, some of which are
labeled with vertical numbers. The third panel shows
the mass fractions of 56Ni (green), 56Co (red), and 56Fe
(black); a significant amount of undecayed 56Ni remains
even after 82 “lab” half-lives have elapsed. Due to the
steady wind (as demonstrated in the bottom panel by
the constant value of M˙ = 3.5×10−4M yr−1 within the
acceleration region), the part of the envelope near 0.1R
has expanded to a density and temperature where 56Ni
is no longer fully ionized and electron captures can oc-
cur. At this location, the energy generation rate reaches
a maximum (third panel, dashed line), which is also
seen in the density-temperature profiles in Figure 2. As
expected from steady-state super-Eddington wind solu-
tions (Nugis & Lamers 2002; Ro & Matzner 2016), the
location where the luminosity surpasses the local Ed-
dington rate (second panel) is nearly coincident with
the sonic point with respect to the isothermal gas sound
speed, kBT/µmp, where µ is the mean molecular weight
(top panel).
Due to the continued energy release from 56Ni and
56Co decays, the luminosity and velocity increase above
the wind-launching region. The luminosity increase ends
at the τ = 2/3 photosphere (dotted line in all panels),
because the energy from radioactive decays is assumed
to escape this optically-thin region. To be more precise,
the kinetic energy from the positrons is likely thermal-
ized even in this optically-thin region. We account for
this small effect in the light curves shown later in this
section, but we neglect this energy when evolving the
models with MESA. The velocity and mass loss rate, how-
ever, continue to increase above the photosphere. This
is not due to continual acceleration, but instead to previ-
ously higher velocities and higher mass loss rates earlier
in the model’s evolution.
In Figure 4, we show the linear (left-hand plot) and
logarithmic (right-hand plot) temporal evolution of our
main fiducial model as well as fiducial models with dif-
ferent WD and envelope masses. Black, red, and green
lines represent core + envelope masses of 0.6 + 0.03,
0.3 + 0.006, and 0.9 + 0.08M, respectively. In each
plot, the top panel shows the evolution of the total lu-
minosity, which is the sum of the luminosity at an optical
depth of τ = 2/3 and the power from positron kinetic
energy released by 56Co decays above the photosphere.
We assume the positrons are able to thermalize and de-
posit their energy locally while the gamma-rays emitted
during the 56Ni and 56Co decays escape the wind and
the surrounding SN ejecta. In practice, however, the
positron kinetic energy in the optically-thin region is
smaller than the luminosity at the photosphere, so this
contribution is not significant. Note that the luminosity
from the SN Ia ejecta is not included. For comparison,
the dotted line in the top panels represents the total
power from radioactive decays of 0.001M of initially
pure 56Ni under “lab” conditions.
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Figure 4. Evolution of winds launched from post-SN Ia surviving WD donors with envelope masses determined by the maximum
bound ejecta mass. Three different models are shown, with core + envelope masses of 0.6 + 0.03 (black), 0.3 + 0.006 (red), and
0.9 + 0.08M (green). The left-hand and right-hand plots use linear and logarithmic time axes, respectively. The top panel
in each plot shows the sum of the luminosity at the τ = 2/3 photosphere and the luminosity from thermalization of positron
kinetic energy from 56Co decays above the photosphere. The dotted line represents the total power from radioactive decays of
0.001M of initially pure 56Ni under “lab” conditions. Note that the luminosity from the SN Ia ejecta is not included. The
middle panels track the effective temperature at the τ = 2/3 location. The bottom panels show the velocity at the τ = 2/3
photosphere (solid) and the mass-averaged velocity of material above the photosphere (dashed).
The effective temperature, derived from the luminos-
ity and radius at the τ = 2/3 surface, is shown in the
middle panels. The velocity at the τ = 2/3 location is
shown as a solid line in the bottom panels, and the mass-
averaged velocity in the optically-thin region is shown as
a dashed line.
The observed quasi-bolometric late-time light curve of
the best observed SN Ia to date, SN 2011fe, is shown as
bullets (Nugent et al. 2011; Tsvetkov et al. 2013; Kerzen-
dorf et al. 2014; Shappee et al. 2016). The late-time
flattening of SN 2011fe and other SNe Ia above simple
predictions for 56Co decay within the SN ejecta has been
attributed to light echoes and the decay of long-lived
radioactive isotopes such as 57Co and 55Fe (Seitenzahl
et al. 2009; Ro¨pke et al. 2012; Kerzendorf et al. 2014;
Graur et al. 2016; Shappee et al. 2016). Our models
represent an additional contribution to the total lumi-
nosity, and thus the observed light curve represents an
upper limit to the luminosity for our wind models.
Because the photospheres recede and the models be-
come very hot, peaking at shorter wavelengths than the
quasi-bolometric light curves include, it is conceivable
that the radiation from the surviving WD companion
goes undetected by current observations. However, the
SN ejecta is likely optically thick to these UV photons
due to line-blocking even during the nebular phase (Li
& McCray 1996). Thus, the WD wind’s effective tem-
perature while the SN Ia is younger than ∼ 10 yr is not
representative of the expected emission. Instead, the
surviving WD wind’s luminosity will be absorbed and re-
radiated in the optical by the SN ejecta. A more quan-
titative analysis of the expected emission awaits future
radiative transfer calculations, but it is likely that the
observed late-time light curve of SN 2011fe is indeed an
applicable upper limit to the allowed quasi-bolometric
luminosity contribution from a surviving WD compan-
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ion.
It is clear that our models do not fade at the simple
56Co decay rate at late times. The delayed 56Ni-decays
cause the slope of the luminosity evolution to be shal-
lower and, for most models, to flatten to the Eddington-
limited value where they remain for years to decades.
This is because the WD envelope regulates itself in such
a way that the power released by the delayed radioactive
decays balances gravity at the Eddington limit. This
self-regulation is very similar to the evolution of classi-
cal novae, for which the post-nova WD burns hydrogen
at the Eddington limit for an extended period of weeks
to decades.
Due to this luminosity flattening, it is obvious that the
upper limits from §2.1 for the captured 56Ni envelopes
on the 0.6 and 0.9M WDs lead to late-time light curves
that are too luminous. Meanwhile, the 0.3M WD
ejects its much smaller 0.006M envelope more rapidly
and continues to fade such that its late-time light curve
remains less luminous than the latest observations of SN
2011fe. However, such a low-mass helium WD cannot
be a typical donor for the bulk of SNe Ia due to its long
previous main sequence lifetime.
Note that the very sharp drop in luminosity and rise in
temperature for the 0.9 + 0.08M model ∼ 30 yr after
the explosion (green lines in the lower plot of Figure
4) is somewhat misleading. The actual evolution of this
model as the WD reaches its maximum temperature and
then falls onto the WD cooling track occurs at a similar
rate as the other models but appears different due to
the logarithmic time axis. This can also be seen in the
figures to follow for some of the other models that reach
the WD cooling track decades after the explosion.
Several important assumptions have gone into our
modeling of these post-SN Ia winds, and we now demon-
strate the effects of relaxing some of these assumptions.
In Figure 5, we show the influence of the choice of the
envelope mass. Black, red, and green lines represent
core + envelope masses of 0.6 + 0.03, 0.6 + 0.003, and
0.6+0.0003M, respectively. In order to eject the enve-
lope rapidly enough that the WD can cool and remain
less luminous than SN 2011fe at late times, the envelope
mass needs to be much smaller than the upper limit of
0.03M calculated in §2.1. This remains a reasonable
possibility, because the envelope masses of our fiducial
models derived in §2.1 are a strict upper limit. Work
done on the ejecta by previously shocked material will
reduce the actual mass that remains bound to the sur-
viving WD companion. Furthermore, although we are
assuming the companion WD is not fully disrupted by
the onset of the merging process, it will still be signif-
icantly expanded when the SN Ia explosion occurs. Its
shallower potential well will also result in a less mas-
sive captured envelope. Future work will use the output
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Figure 5. Same as right-hand plot of Figure 4 but for a
fixed core mass of 0.6M and varying envelope masses of
0.03 (black), 0.003 (red), and 0.0003M (green).
of merger simulations to account for these effects and
provide more quantitative initial conditions that may
yield late-time luminosities within the constraints of SN
2011fe.
A related uncertainty is the entropy structure of the
captured envelope. It is plausible that our fiducial model
is more bound than a realistic simulation would find, and
so the fiducial envelope is ejected later than for a realis-
tic initial configuration. In Figure 6, we show the effect
of changing the entropy of the envelope. All three mod-
els have the same core + envelope mass of 0.6+0.03M.
The black line, as for all the figures in this subsection
showing temporal evolution, is the main fiducial model
with an entropy twice that for which the envelope’s inte-
grated internal energy is half its integrated gravitational
binding energy. The red and green lines have 0.5 and
1.5 times the entropy of the fiducial model, respectively.
As expected, less bound envelopes are ejected sooner,
allowing the WD to dim more rapidly.
Our final test quantifies the effect of the opacity, as
shown in Figure 7. The black line is our fiducial model,
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Figure 6. Same as right-hand plot of Figure 4 but for a fixed
core + envelope mass of 0.6 + 0.03M and varying initial
envelope entropies. The red model has an initial envelope
entropy such that the envelope’s integrated internal energy
is half its gravitational binding energy. The black and green
models have entropies two times and three times the red
model’s entropy, respectively.
with a constant opacity κ = 0.2 cm2 g−1 in the region
with iron group mass fraction X56 > 0.1 and density
ρ < 1 g cm−3. The red line represents a model with
a constant opacity κ = 2.0 cm2 g−1. A higher opacity
causes the envelope to be ejected somewhat later but
also reduces the Eddington limit, so the luminosity flat-
tens at a lower value. The physical opacity is likely to
be higher than our fiducial choice of 0.2 cm2 g−1 because
of the large opacity of iron-group elements and effects
such as line-broadening in the accelerated wind. Radia-
tive transfer calculations of post-SN winds will inform a
more physical treatment of opacity in future work.
In summary, the main fiducial model shown in Fig-
ure 4 is overluminous by several orders of magnitude
at the latest observed phases of SN 2011fe, which sug-
gests that if SNe Ia arise from double WD systems, both
WDs are destroyed during the explosion. However, there
are several effects that can reduce the discrepancy be-
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Figure 7. Same as right-hand plot of Figure 4 but for a
fixed core + envelope mass of 0.6 + 0.03M and varying
opacities. The fiducial model (black) has a constant opacity
of 0.2 cm2 g−1 in regions less dense than 1 g cm−3, while the
red model has a low density opacity of 2.0 cm2 g−1.
tween the predicted luminosity from a surviving WD
donor’s wind and late-time observations. The largest
effect comes from ejecting the 56Ni-rich envelope more
rapidly, which can in turn be caused by a less massive
and less bound envelope. This is a reasonable expec-
tation since the envelope mass of the fiducial model is
an upper limit. More realistic initial configurations for
our wind models from future merger simulations will al-
low us to use late-time observations to place meaningful
constraints on SN Ia progenitor scenarios.
5.2. Post-SN Iax Winds
We now turn to models of winds from bound rem-
nants of SN Iax explosions. Similar to the post-SN Ia
surviving WD donors of the previous subsection, the
post-SN Iax surviving WD accretors we model in this
subsection will be degenerate cores surrounded by hot
56Ni-rich envelopes. However, as described in §2.2, the
envelopes will not be pure 56Ni, but instead will be a
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Figure 8. Same as Figure 4 but for our post-SN Iax wind models. Note that the axis ranges have changed. Shown are two
different mass combinations and two different initial entropies. Black and red lines represent models with core + envelope masses
of 0.5 + 0.05M and initial 56Ni mass fractions in the envelope of 0.1. Green and blue lines show models with core + envelope
masses of 0.9 + 0.1M and initial 56Ni mass fractions of 0.2. The envelope entropies are two times (black and green) and three
times (red and blue) the entropy such that the envelope’s internal energy is half its gravitational binding energy.
mixture of carbon deflagration ashes with a 56Ni mass
fraction of 0.1− 0.2.
The black and red lines in Figure 8 represent core +
envelope masses of 0.5 + 0.05M with initial envelope
56Ni mass fractions of 0.1. The green and blue lines
represent masses of 0.9 + 0.1M with initial envelope
56Ni mass fractions of 0.2. The black and green models
begin with entropies twice that for which the envelope’s
integrated internal energy is half its gravitational bind-
ing energy; the red and blue models have entropies 50%
higher than the black and green models, respectively.
Models with initial envelope entropies half that of the
black and green models were also run. However, the en-
velopes were too gravitationally bound for the delayed
and diluted radioactive decays to launch winds. Since
such a wind is necessary to explain observations of SNe
Iax, we do not discuss these models further.
With the exception of the higher mass, lower entropy
model (green), our simulations do not significantly ex-
ceed the best-observed late-time SN Iax bolometric light
curves in the literature: SN 2005hk (squares; Phillips
et al. 2007; Sahu et al. 2008; McCully et al. 2014b)
2008A (bullets; Ganeshalingam et al. 2010; Hicken et al.
2012; McCully et al. 2014b), and 2008ha (diamond; Fo-
ley et al. 2014). The higher mass, higher entropy model
(blue) is somewhat marginal, although it is not ruled out
given the uncertainties inherent in our simulations. The
photospheric velocities of our models are also in good
agreement with the late-time SN Iax velocities reported
in the literature (Jha et al. 2006; McCully et al. 2014b).
The large optical depths of the relatively massive
SN Iax bound envelopes result in very extended pho-
tospheres and low effective temperatures that cool to
1000−2000 K by∼ 400 d. The IR detection of SN 2014dt
at 300−400 d (Fox et al. 2016) may be a common feature
of SNe Iax and may be due to the low effective temper-
ature of the photosphere, as opposed to, or in addition
to, dust formation (Foley et al. 2016).
The more massive SN Iax bound envelopes take longer
to be ejected as compared to the very low mass envelopes
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of the SN Ia models favored by the late-time observa-
tions of SN 2011fe in the previous subsection. This is
further compounded by the lower initial 56Ni mass frac-
tions and subsequently lower specific energy release in
the SN Iax remnant envelopes. Thus, it seems to be a
robust prediction that the late-time luminosities of these
bound remnants will approach the Eddington limit and
remain there for years to decades. In this framework,
the 1.5× 1038 erg s−1, 2100 K source detected at the lo-
cation of SN 2008ha four years after the explosion (Foley
et al. 2014) is consistent with being emission from the
bound remnant’s wind and not the donor, which should
be much hotter if it is a helium star. We predict a con-
stant bolometric luminosity for SN 2008ha and other old
SNe Iax for at least a decade, but the sources will likely
become bluer on a shorter timescale of several years.
While the envelope masses in our SN Iax simulations
are taken from previous explosion studies and are thus
somewhat better motivated than for our SN Ia models,
the entropy structures are still a large uncertainty. More
quantitative constraints on SN Iax progenitor models
await future studies using hydrodynamic explosion sim-
ulations that spatially resolve the bound remnant for
more accurate initial conditions. These future studies
should also account for the influence of the surviving
donor within the post-SN Iax wind, both as an illu-
minating source and as a mechanism for shaping and
accelerating the wind.
6. CONCLUSIONS
In this paper, we have analyzed the radioactive decays
of 56Ni and 56Co in regimes in which the nuclei may be
fully ionized and cannot capture K-shell electrons. We
have applied these delayed decays to the evolution of
WDs that capture 56Ni-rich material following SN ex-
plosions. The WD may be the accreting WD that only
partially exploded as a SN Iax, or it may be the former
donor to an accreting WD that exploded as a SN Ia.
In both of these situations, a small amount of 56Ni-rich
material remains bound to the surviving WD at thermo-
dynamic conditions such that no K-shell electrons exist
for capturing, significantly delaying radioactive decays
that power a long-lived wind. These WD winds will con-
tribute significantly to the observed light curves once the
emission from the bulk of the SN ejecta has faded. We
have modeled the appearance of these winds using the
stellar evolution code MESA and compared our results to
late-time observations of SNe Ia and Iax.
We find that late-time observations of SN 2011fe
strongly constrain the existence of a WD donor that
survives a SN Ia. Our main fiducial model of a 0.6M
WD that captures a 0.03M 56Ni-rich envelope is orders
of magnitude too bright at the latest observed phases of
SN 2011fe. However, several very important uncertain-
ties remain in our modeling that allow for the survival of
a WD donor. The most significant uncertainty is the ini-
tial conditions we use in our evolutionary calculations.
Beginning with a less massive and less gravitationally
bound 56Ni-rich envelope results in a shorter elapsed
time before the envelope is ejected and the WD dims,
allowing it to remain less luminous than SN 2011fe’s
constraints. These are reasonable possibilities, and they
emphasize the importance of future work that uses the
output of double WD merger simulations for more real-
istic initial conditions.
The uncertainties in our modeling of SN Iax bound
remnant winds are somewhat smaller due to relevant
previous explosion simulations, although future work
will certainly benefit from better initial conditions as
well. Perhaps as a result, most of our fiducial SN Iax
wind models do not exceed the late-time luminosities of
observed SNe Iax. In fact, our models match the lat-
est luminosity, temperature, and velocity measurements
of SN 2005hk, SN 2008A, and SN 2008ha reasonably
well, giving credence to the near-Chandrasekhar mass,
incomplete deflagration model for SNe Iax, with emis-
sion initially dominated by the SN ejecta and then by
the bound remnant wind at later times.
Even with the large uncertainties in our models, we
can make some broad observational predictions that may
help to further constrain the progenitor scenarios for SN
Ia and SN Iax explosions. If a WD donor survives a SN
Ia and captures a 56Ni-rich envelope small enough to
remain less luminous than SN 2011fe’s latest observa-
tions, the WD will fall onto the cooling track within
years. By the age of our nearest Galactic SN Ia rem-
nants (≥ 400 yr), the WD will be a hot UV source
(Teff ∼ 6×104 K) with a luminosity of ∼ L, flying away
from the center of the explosion at 1500− 2000 km s−1.
At a distance of several kpc, this translates to a proper
motion of ∼ 0.1 arcsec yr−1, observable by the Hubble
Space Telescope with just a year-long baseline. We thus
highly encourage a UV search for hot, high proper mo-
tion stars within Galactic SN Ia remnants.
Our models of SN Iax bound remnant winds strongly
suggest that their bolometric luminosities will remain
near the Eddington limit for years to decades, with a
somewhat more rapid evolution to higher temperatures.
This provides another motivation for ongoing and future
late-time multi-band observations of SNe Iax. These
observations should also extend to the infrared, as the
photospheres in some of our models reach temperatures
of ∼ 1000 K after a year.
This paper represents the first step in a multi-phase
modeling effort that will help to constrain thermonu-
clear SN progenitor scenarios. Follow-up work will uti-
lize the results of explosion simulations for better initial
conditions, which will be particularly crucial for nar-
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rowing down our predictions of post-SN Ia surviving
WD donors. Another important avenue of research will
be radiative transfer calculations through the post-SN
winds. These will allow comparisons to the peculiar late-
time photospheric spectra of SNe Iax. Furthermore, our
newly-proposed long-lived radiation source at the cen-
ter of SN Ia ejecta may have some connection to some
of the persistent puzzles of late-time SN Ia spectra, in-
cluding the existence of bimodal line profiles (Dong et al.
2015). This previously unconsidered source of radiation
will also affect the ionization balance within the SN Ia
ejecta, which may alter inferred mass estimates of stable
54Fe and 58Ni (Mazzali et al. 2015). Additionally, the
possible presence of recently launched 56Ni in the wind
that has not yet decayed may explain the detection of
Ni in nebular spectra, which has previously been inter-
preted as evidence for the production of stable 58Ni in
SNe Ia (Mazzali et al. 2015; Friesen et al. 2016).
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APPENDIX
We use the stellar evolution code MESA to evolve our
post-SN wind models. We construct initial models with
degenerate cores and hot 56Ni-rich envelopes as outlined
in §4. We then begin the hydrodynamic evolution of the
model with opacity and energy routines as described in
§4 and the following inlist:
&star job
change net = .true.
new net name = ‘basic plus 2856.net’
auto extend net = .false.
change v flag = .true.
new v flag = .true.
relax tau factor = .true.
relax to this tau factor = 1d-4
&controls
min timestep limit = 1d-99
logQ min limit = -99
logQ limit = 99
use Type2 opacities = .true.
Zbase = 0.0133d0
use other kap = .true.
use other energy = .true.
max allowed nz = 99999999
min dq = 1d-14
max surface cell dq = 1d99
mesh min dlnR = 1d-7
merge if dlnR too small = .true.
mesh adjust get T from E = .false.
MLT option = ‘none’
use ODE var eqn pairing = .true.
use dvdt form of momentum eqn = .true.
use dPrad dm form of T gradient eqn = .true.
use momentum outer BC = .true.
use compression outer BC = .true.
use zero dLdm outer BC = .true.
use artificial viscosity = .true.
Once a wind has been established or three simulation
days have passed, convection with velocities limited to
the sound speed is enabled and two outer boundary con-
ditions are changed to make the wind more stable:
&controls
MLT option = ‘Cox’
min T for acceleration limited conv velocity =
0
mlt accel g theta = 1
max conv vel div csound = 1
use zero Pgas outer BC = .true.
use zero dLdm outer BC = .false.
Finally, when the WD ceases launching the wind and
material begins to fall back onto its surface, the unbound
material is rapidly removed using flags that force the
material to be removed from zones near the surface.
&controls
mass change = -1d2
min q for k below const q = 0.999999999999999
min q for k const mass = 0.999999999999999
